This article considers the combined influence of Soret and Dufour effects on convective heat and mass transfer flow of a viscous electrically conducting fluid through a porous medium confined in an annular
INTRODUCTION
Transport phenomena involving the combined influence of thermal and concentration buoyancy are often encountered in many engineering systems and natural environments. There are many applications of such transport processes in the industry, notably in chemical distilleries, heat exchangers, solar energy collectors, and thermal protection systems. In all such classes of flows, the driving force is provided by a combination of thermal and chemical diffusion effects. In atmosphere flows, thermal convection of the earth by sunlight is affected by differences in water vapor concentration. This buoyancy-driven convection due to coupled heat and mass transfer in porous media has also many important applications in energyrelated engineering. These include moisture migration, fibrous insulation, spreading of chemical pollution in saturated soils, extraction of geothermal energy, and underground disposal of natural waste.
The increasing cost of energy has led technologists to examine measures that could considerably reduce the usage of natural source energy. Thermal insulations will continue to find increased use as engineers seek to reduce costs. Heat transfer in porous thermal insulation within vertical cylindrical annuli provides us insight into the mechanism of energy transport and enables engineers to use insulation more efficiently. In particular, design engineers require relationships between heat transfer, geometry, and boundary conditions that can be utilized in cost -benefit analysis to determine the amount of insulation that will yield the maximum investment. Apart from this, the study of flow and heat transfer in the annular region between the concentric cylinders has applications in nuclear waste disposal research. It is known that canisters filled with radioactive rays be buried in earth so as to isolate them from human populations, and it is of interest to determine the surface temperature of these canisters. This surface temperature strongly depends on the buoyancydriven flows sustained by the heated surface and the possible moment of groundwater past it. This phenomenon is ideal to the study of convection flow in a porous medium contained in a cylindrical annulus (Chikh et al., 1995; Kuznetsov, 1996; Beji et al., 1999; Barletta et al., 2008) . Recently, studies on heat and mass transfer problems on free convection flow of a fluid-saturated Darcy porous medium have received considerable attention because of numerous applications, such as the migration of moisture through air contained in fibrous insulations, grain-storage insulations, and the dispersion of chemical contaminants through water-saturated soil, spreading of pollutants, water movement in reservoirs, building science, and convection in the earth's crust. Comprehensive reviewers of the convection through Darcy porous media have been reported by Nield and Bejan (1992) and Ingham and Pop (1998) . Darcy's law states that the volume-averaged velocity is proportional to the pressure gradient. However, this is only valid for relatively slow flows through the porous matrix. In general, we consider the effect of the fluid inertia as well as viscous diffusion, which may well become significant for materials with very high porosities such as fibrous and foams. Several researchers (Pal and Mondal, 2011; Anwar Beg et al., 2011; Mahdy, 2010; Cheng, 2009 ) have studied and examined heat and mass transfer in Darcy and non-Darcy porous media utilizing the Soret and Dufour effects. Leppinen et al. (2004) examined free convection in a shallow annular cavity filled with a porous medium. Jha (2005) studied free convection flow through an an-nular porous medium. Non-Darcian thermal stability of a heat-generating fluid in a porous annulus was investigated by Saravanan and Kandaswamy (2003) . CharrierMojtabi (1997) studied numerical simulation of two-and three-dimensional free convection flows in a horizontal porous annulus using a pressure and temperature formulation. Chmaissem et al. (2002) reported numerical study of a Boussinesq model of natural convection in an annular space having a horizontal axis bounded by circular and elliptical isothermal cylinders.
NOMENCLATURE
The study of combined heat and mass transfer problems has great importance in extending theory of separation processes and in the chemical and hydrometallurgical industries. Heat transfer phenomena in addition to mass transfer have received great attention by modern researchers for their enormous applications in chemical industries, reservoir engineering, and other processes. A few representation fields of this type of flow, in which combined heat and mass transfer with chemical reaction effect plays an important role, are electrical energy extracted directly from a moving conducting fluid, formation and dispersion of fog, damage of crops due to freezing, distribution of temperature and moisture over groves of fruit trees, manufacturing of ceramics, and polymer production. In view of these applications, several researchers (Muthukumaraswamy and Ganesan, 2001; Chamkha, 2003; Rao and Shivaiah, 2011; Battacharyya, 2012; Das, 2012; Ghaly and Seddeek, 2004; Pal and Talukdar, 2010) have studied and reported the significance of chemical reaction.
In this article, we discuss the effect of Soret and Dufour effects on free and forced convection flow through a porous medium in a coaxial cylindrical duct where the boundaries are maintained at constant temperature and concentration. The Brinkman-Forchheimer extended Darcy equations, which take into account the boundary and inertia effects, are used in the governing linear momentum equations. The effect of density variation is confined to the buoyancy term under Boussinesq approximation. The momentum, energy, and diffusion equations are coupled equations. To obtain better insight into this complex problem, we make use of Galerkin finite element analysis with quadratic polynomial approximations. The Galerkin finite element analysis has two important features. The first is that the approximation solution is written directly as a linear combination of approximation functions with unknown nodal values as coefficients. Second, the approximation polynomials are chosen exclusively from the lower-order piecewise polynomials restricted to contiguous elements. The behavior of velocity, temperature, and concentration is analyzed at different axial positions. The shear stress and the rate of heat and mass transfer have also been obtained for variations in the governing parameters.
PROBLEM FORMULATION
We consider the free convection flow in a vertical circular annulus through a porous medium whose walls are maintained at a constant temperature and concentration. Figure 1 shows the physical configuration of the problem. The flow, temperature, and concentration in the fluid are assumed to be fully developed. Both the fluid and porous region have constant physical properties, and the flow is a free convection flow taking place under thermal and molecular buoyancies and uniform axial pressure gradient. The Boussinesq approximation is invoked so that the density variation is confined to the thermal and molecular buoyancy forces. The Darcy model is valid only for relatively slow flows through a porous matrix. In general, we must consider the effect of fluid inertia, boundary effect, and the viscous diffusion, which may well become significant for materials with very high porosities such as fibrous media and foams and the medium consisting of sparse distribution of particles. Hence the BrinkmanForchheimer-extended Darcy model that accounts for the inertia and boundary effects has been used for the momentum equation in the porous region. The momentum, energy, and diffusion equations are coupled and nonlinear. The z axis is taken along the axis of the cylinder in the vertical upward direction and along the r axis in the radial direction. Since the flow is fully developed and cylinders are of infinite length, the flow depends only on r. Also, the flow is unidirectional along the axial direction of the cylindrical annulus. Making use of the preceding assumptions, the governing equations are
where u is the axial velocity in the porous region, T , C are the temperature and concentration of the fluid, k is the permeability of the porous medium, F is a function that depends on Reynolds number, the microstructure of the porous medium, and D 1 is the molecular diffusivity, β is the coefficient of the thermal expansion, β * is the coefficient of volume expansion, c p is the specific heat,
is density, and g is gravity.
The relevant boundary conditions are
We now define the following nondimensional variables:
Introducing these nondimensional variables, the governing equations in the nondimensional form are
where Inertia Parameter or Forchheimer Number:
Grashof Number:
Hartmann Number:
Inverse Darcy Parameter:
Nondimensional Temperature Gradient:
Soret Parameter:
Dufour Parameter:
Source Parameter:
The corresponding nondimensional conditions are
FINITE ELEMENT ANALYSIS
The finite element analysis with quadratic polynomial approximation functions is carried out along the radial distance across the circular duct. The behavior of the velocity, temperature, and concentration profiles has been discussed computationally for different variations in governing parameters. The Galerkin method has been adopted in the variational formulation in each element to obtain the global coupled matrices for the velocity, temperature, and concentration in course of the finite element analysis.
Choose an arbitrary element e k and let u k , θ k , and C k be the values of u, θ, and C in the element e k . We define the error residuals as
where u k , θ k , and C k are values of u, θ, and C in the arbitrary element e k . These are expressed as linear combinations in terms of respective local nodal values:
. . , and so on, are Lagrange's quadratic polynomials.
Following the Galerkin weighted residual method and integrating by parts Eqs. (9)- (11), we obtain
where −Q
where
where −S
Expressing u k , θ k , C k in terms of local nodal values in Eqs. (12)- (14), we obtain
Choosing different ψ k j is corresponding to each element e k in Eq. (15) yields a local stiffness matrix of order 3 × 3 in the form
Likewise Eqs. (16) and (17) give rise to stiffness matrices
where (f (20) in terms of local nodes in each element are assembled using interelement continuity and equilibrium conditions to obtain the coupled global matrices in terms of the global nodal values of u, θ, and C in the region.
In case we choose n quadratic elements, then the global matrices are of order 2n + 1. The ultimate coupled global matrices are solved to determine the unknown global nodal values of the velocity, temperature, and concentration in the fluid region. In solving these global matrices, an iteration procedure has been adopted to include the boundary and effects in the porous medium.
In fact, the nonlinear term arises in the modified Brinkman linear momentum equation (12) of the porous medium. The iteration procedure in taking the global matrices is as follows. We split the square term into a product term and keeping one of them, say, U i , under integration, the other is expanded in terms of local nodal values as in (15) 
The global matrix for θ is
The global matrix for C is
The global matrix for u is
where 
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The equilibrium conditions are 
PROBLEM SOLUTION
Solving these coupled global matrices for temperature, concentration, and velocity (22)- (24), respectively, and using the iteration procedure, we determine the unknown global nodes through which the temperature, concentration, and velocity at different radial intervals at any arbitrary axial cross sections are obtained. The respective expressions are given by θ(r)= ψ 
SHEAR STRESS, NUSSELT NUMBER, AND SHERWOOD NUMBER
The rate of heat transfer (Nusselt number) is evaluated using the formula
The rate of mass transfer (Sherwood number) is evaluated using the formula
COMPARISON
The present numerical method has been extensively validated in many previous results and compared with earlier published work in the absence of magnetic field, Soret and Dufour effects, and chemical reaction. Figure 2 shows a comparison of the velocity profile with the results of Madhusudhana Reddy et al. (2012) .
FIG. 2:
Comparison of velocity profile with the results of Reddy et al. (2012) .
RESULTS AND DISCUSSION
In this analysis, we discuss the combined influence of Soret and Dufour effects on convective heat and mass transfer flow of a viscous electrically conducting fluid through a porous medium confined in an annular region between the cylinders r = a and r = a + s in the presence of heat-generating sources. The governing equations of flow, heat, and mass transfer are solved by employing Galerkin finite element analysis. Also we consider the chemical reaction effect on flow phenomena. The axial velocity (u) is shown in Figs. 3-7 for different values of N , Γ, Du, γ, and α. The actual axial velocity is in the vertically upward direction and hence u < 0 represents a reversal flow. Figure 3 shows the variation of u with buoyancy ratio N . From this figure we observe that when the molecular buoyancy force dominates over thermal buoyancy forces and the actual temperature enhances when the buoyancy forces act in the same direction. And for the forces acting in opposite directions, we notice depreciation in temperature profile. Figure 9 represents the variation of temperature for different values of Γ. From this figure we notice that an enhancement in Γ tends to increase in temperature. Figure 10 depicts the variation of temperature with Du. It is clear that as Du increases, temperature decreases up to certain value of r, and later temperature increases with increasing values of Du. Figure 11 shows the variation of temperature with α. We observe that as α increases, the temperature decreases.
The nondimensional concentration (C) profiles are shown in Figs. 12-17 for different variations of N , Γ, Du, γ, α, and Sr. The variation of C with buoyancy ratio N (Fig. 12) shows that the actual concentration increases in magnitude with increase in Buoyancy ratio N . Figure 13 exhibits the variation of C with Γ. An increase in inertia parameter Γ results in an enhancement in temperature profile. Figure 14 shows the variation of C with Du. Temperature decreases with increasing values of Du. The actual concentration enhances with an increase in chemical reaction parameter γ, as shown in Fig. 15 . Figure 16 shows the variation of concentration profile for different values of α. It is noticed that the actual concentration experiences depreciation with increase in α. Figure 17 illustrates the variation of C with Sr. It is observed that the actual concentration reduces with an increase in Sr.
The rate of heat transfer (Nusselt number) and mass transfer (Sherwood number) at the inner cylinder r = 1 is shown in Table 1 for different parametric values Sr, γ, and Du. It is found that the rate of heat and mass transfer The rate of heat transfer (Nusselt number) and mass transfer (Sherwood number) at the inner cylinder r = 2 is shown in Table 2 for different parametric values Sr, γ, and Du. The rate of heat and mass transfer depreciates with an increase in Sr > 0, while Nu and Sh increase with an increase in Sr < 0. It is also found that the rate of heat and mass transfer reduces with γ > 0, and for γ < 0, |Nu| and |Sh| increase. We also notice that an enhancement in Du tends to reduce in Nu and Sh.
The rates of heat transfer (Nusselt number) and mass transfer (Sherwood number) at r = 1 and 2 are shown in Tables 3 and 4 , respectively, for different parametric values α and Γ. It is found that the rate of heat and mass transfer enhances with an increase in α, while Nu and Sh depreciate with an increase in Γ at r = 1. An increase in 
CONCLUSION
The governing equations of flow, heat, and mass transfer are solved by using Galerkin finite element analysis. The results are reported graphically for different parametric values, and we also found Nusselt number and Sherwood number values that are given in tabular forms.
1. When the molecular buoyancy force dominates over the thermal buoyancy force |u|, temperature and concentration profiles enhance when the buoyancy forces act in the same direction, and for the forces acting in opposite directions, it depreciates in the flow region.
2. Variable |u| increases with increasing values of inertia parameter, chemical reaction parameter, heat source parameter, and Dufour effect.
3. Both temperature and concentration increase with increasing values of inertia parameter, while θ and C depreciate when Dufour effect, Soret effect, chemical reaction, and heat sources are increasing.
4. Nusselt number and Sherwood number values are reported for different parametric variations at two regions r = 1 and r = 2. It is observed that an increase in Sr, Du, and α results in an enhancement in Nu and Sh, while Nu and Sh depreciate with increasing values of γ and Γ at inner circular region r = 1.
5. At outer circular region r = 1, Nu and Sh decrease with increasing values of Sr, γ, Du, and Γ. It is also noticed that an increase in α results in an enhancement in Nu and Sh.
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